Experimental investigation of mercury condensing pressure drops by Wainwright, R. T. et al.
N A S A  
A N 0 
E c a 4 
tA a z 
r 
0 
> c 
4 
T E C H N I C A L  
M E M O R A N D U M  
(ACC E S 9 1077 
(PAGES1 
ICODEI 
.7 -=3 ,,-li 
[NASA CR O R  TMX O R  AD N U M B E R 1  
ICATEGORYI 
EXPERtMEhiTAL tNVESfiGATlON OF MERCURY 
-CONDENSING PRESSURE DROPS 
NASA TM X-52034 
by 
M. Guts te in  
L e w i s  R e s e a r c h  Center  
R. T. Wainwright 
Lewis  R e s e a r c h  Cen te r  
r A. Koes te l  
Thompson Ram0 Wooldridge, Inc. 
I 
TECHNICAL PREPRINT p r e p a r e d  for Winter Annual 
Meet ing of t h e  A m e r i c a n  Society of Mechanical  Eng inee r s  
New York,  N. Y. November  29-December  4, 1964 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION WASHINGTON, D.C. 1964 
https://ntrs.nasa.gov/search.jsp?R=19650025715 2020-03-24T03:55:06+00:00Z
TECHNICAL MEMORANDUM 
EXPERIMENTAL INVESTIGATION O F  MERCURY 
CONDENSING PRESSURE DROPS 
M. Gutstein 
L e w i s  R e s e a r c h  Cen te r  
R. T. Wainwright 
L e w i s  R e s e a r c h  Cen te r  
and 
A. Koestel  
Thompson Ram0 Wooldridge, Inc. 
TECHNICAL PREPRINT p r e p a r e d  f o r  
Winter Annual Meeting of the  A m e r i c a n  
So c i e  ty of Mechanic a1 Engine e r s 
New York, N. Y. , November  29 -December  4, 1964 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
EXPERIMENTAL INVESTIGATION OF MERCURY CONDENSING PRESSURE DROPS 
Lo 
N 
(D 
N' 
I w 
M. Gutstein 
Lewis Research Center 
R. T.' Wainwright 
Lewis Research Center 
and 
A. Koestel 
Thompson Ramo Wooldridge, Inc. 
Cleveland, Ohio 
ABSTRACT 
Experiments a re  described wherein t h e  l o c a l  s t a t i c  pressures  were 
measured along tubes i n  which mercury vapor was flowing and condensing. 
Data were obtained a t  flow r a t e s  of 1.05 t o  3 lb/min, a t  i n l e t  pressures  
of 8 t o  30 psia,  and a t  condensing lengths of  4 t o  8 f t .  Both constant 
diameter and tapered tubes were employed i n  the  study. 
A comparison of t he  two-phase f r i c t i o n a l  pressure drop with t h e  
Lockhart-Martinell i  co r re l a t ion  showed s i g n i f i c a n t  deviations,  p a r t i c u l a r l y  
a t  low q u a l i t i e s .  A r e l a t i o n  between the  f r i c t i o n a l  pressure drop and the  
Weber number, derived from fog-flow considerations, co r re l a t ed  the  t r end  
of t he  data over t he  f u l l  qua l i t y  range. Experimental da ta  obtained from 
t h e  l i t e r a t u r e  were u t i l i z e d  t o  fur ther  support t h i s  fog-flow 
INTRODUCTION 
Rankine cycle powerplants u t i l i z i n g  mercury as a working f l u i d  a r e  
being considered for space applications.  Inherent i n  the  performance of 
such p l a n t s  i s  the  need t o  condense the e f f luen t  of t h e  turbine,  t h a t  is, 
t h e  mercury vapor. I n  a powerplant f o r  space, t h i s  process might occur 
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ins ide  tubes, and the heat  of condensation would be d i s s ipa t ed  by radia-  
t ion .  To specify the  dimensions of t he  tubes, t h e i r  diameter, length, 
taper ,  e tc . ,  r equ i r e s  accurate pred ic t ion  of the  pressure drops assoc ia ted  
with mercury condensing a t  low heat  f luxes.  I n  recogni t ion t h a t  such pre- 
d i c t ions  are not  avai lable ,  experiments were performed t o  measure the l o c a l  
s t a t i c  pressures along tubes of constant and varying diameter i n  both the  
wetting and nonwetting regimes. 
chanics of condensing mercury w a s  undertaken t o  develop a means t o  p red ic t  
these pressure drops. A preliminary review of these e f f o r t s  was previously 
given i n  Ref. 1 and i s  discussed i n  d e t a i l  i n  the  present  paper. 
Moreover, an ana lys i s  of t he  f l u i d  me- 
A ver i tab le  l i t e r a t u r e  e x i s t s  today t h a t  describes,  p red ic t s ,  and 
For condensation, co r re l a t e s  two-phase f r i c t i o n a l  pressure gradients .  
however, and f o r  mercury condensation i n  pa r t i cu la r ,  t he  co r re l a t ion  of 
Lockhart-Martinelli ( 2 )  and i t s  refinement, t h e  co r re l a t ion  of Baroczy and 
Sanders (3)  a r e  of most s ignif icance.  The Lockhart-Martinell i  approach 
cons is t s  of equating the  pressure grad ien ts  obtained from adiaba t ic ,  two- 
component flows t o  the  case of condensation a t  the  equivalent l i q u i d  t o  
vapor supe r f i c i a l  pressure gradient  r a t i o s .  The t o t a l  f r i c t i o n a l  pressure 
difference across a condenser tube may then be obtained by in t eg ra t ion  of 
the  l o c a l  gradrlents. 
provement t o  th is  co r re l a t ion  by accounting f o r  a vapor Reynolds number 
e f f e c t  t h a t  they observed i n  experiments wi th  t h e  ad iaba t i c  flow of mer- 
cury and nitrogen. 
The work of Baroczy and Sanders cons t i t u t ed  an i m -  
Hays ( 4 )  appl ied  these  co r re l a t ions  t o  mercury condensation da ta  and 
found general agreement t o  within about +25 percent.  However, a t  low heat  
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r e j e c t i o n  r a t e s  or  a t  low q u a l i t i e s  (low vapor Reynolds numbers), H q s  con- 
concluded t h a t  agreement of the  t e s t  r e s u l t s  w i t h  these  co r re l a t ions  w a s  
not apparent. The author a t t r i b u t e d  t h i s  f ind ing  t o  fog flow and bel ieved 
the  Lockhart-Martinell i  cor re la t ion  t o  be inappl icable  t o  t h i s  flow regime. 
Ki ra ly  (5)  presents  a comparison o f  two-phase mercury-nitrogen pres- 
sure d i f fe rences  with the  Mar t ine l l i  curve. He l ikewise compares ove ra l l  
pressure d i f fe rences  of mercury condensation i n  hor izonta l  tubes with the  
same cor re la t ion .  I n  both cases agreement i s  good. However, condensation 
ins ide  hor izonta l  tapered tubes and incl ined tubes of constant diameter 
showed considerable deviation. Thus it appears t h a t  t he  Lockhart-Martinell i  
co r re l a t ion  does not s a t i s f a c t o r i l y  predict  t he  pressure grad ien ts  of mer- 
cury condensation a t  low vapor ve loc i t i e s  and low heat f luxes  o r  those f o r  
unusual geometries and or ien ta t ions .  This conclusion implies t h a t  t he  pres- 
sure  drops f o r  mercury condensation should be dis t inguished from those ob- 
t a ined  from adiaba t ic  experiments. 
The authors  a l s o  compared t h e i r  experimental da ta  with Lockhart- 
Mar t ine l l i  and l ikewise found s igni f icant  deviations,  p a r t i c u l a r l y  a t  low 
q u a l i t i e s .  The t rends  of the  data, however, were predicted by an ana lys i s  
of pressure d i f fe rences  based on the  flow of a mixture of entrained drops 
and vapor through a passage formed by s t a t iona ry  wall-adhering drops. 
p a r t i c u l a r  fog-flow pa t t e rn  may be f o r  nonwetting f l u i d s  analogous t o  the 
spray-annular regime of wetting f l u i d s  t o  which the  Lockhart-Martinelli 
c o r r e l a t i o n  i s  known t o  be inapplicable ( 6 , 7 ) .  The pressure drop data, 
which were obtained when t h e  mercury seemingly wet ted the  tube w a l l ,  were 
a l s o  co r re l a t ed  by the  fog-flow theory; t h e  t r u e  flow regime f o r  t h i s  mode 
This 
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of mercury condensation therefore  remains uncertain.  
matters i s  presented herein. 
A discussion of t hese  
DESCRIPTION OF EQUIPMENT AND PROCEDURE 
Equipment. The mercury condensing experiments were conducted i n  a 
closed, na tura l  c i r c u l a t i o n  t e s t  loop shown schematically i n  Fig.  1. 
Fabricated e n t i r e l y  of s t a i n l e s s  s t e e l  except f o r  some of t h e  condenser 
t e s t  sections, t h e  r i g  consisted of a mercury pot bo i l e r ,  a superheater 
section,and a flow metering uni t .  Each condenser t e s t - s e c t i o n  tube was 
welded in to  the  r i g  between t h e  superheater and t h e  flow meter. 
descr ip t ions  of these  components a re  now presented. 
Brief 
The pot b o i l e r  consisted of an 8-in. -diameter by 9.75-in. - t a l l  cy l in-  
der  p a r t i a l l y  immersed i n  an e l e c t r i c a l l y  heated sal t  bath. A baf f le -cup  
arrangement was provided a t  t h e  t o p  of t h e  b o i l e r  ( a t  t h e  entrance t o  t h e  
superheater) t o  separate and r e c i r c u l a t e  any l i q u i d  mercury en t ra ined  i n  
t h e  vapor. 
9 kw of heat a t  ba th  temperatures up t o  about 1000 F. 
The sa l t  ba th  hea te r s  were capable of generating a maximum of 
The superheater was an e l e c t r i c a l l y  heated L-shaped tube t h a t  extended 
from t h e  top of t h e  b o i l e r  t o  the  i n l e t  of t h e  t e s t  section. 
por t ion  was 4 f t  long and 1 in .  i n  diameter. 
1 f t  long. 
diameter of each t e s t  section, thereby minimizing flow disturbances. The 
e l e c t r i c  hea te r  t h a t  w a s  wrapped e n t i r e l y  aboxt t h i s  component of t h e  r i g  
was capable of generating 4 . 5  kw and was employed t o  s l i g h t l y  superheat 
t h e  vapor. Thus, any en t ra ined  l i q u i d  t h a t  managed t o  e n t e r  t h e  superheater 
was probably vaporized. 
The v e r t i c a l  
The ho r i zon ta l  por t ion  was 
Its inner  diameter was machined t o  match t h e  i n l e t  i n t e r n a l  
5 
Four condenser t e s t  sections,  including both constant diameter and 
tapered tubes, were employed i n  t h i s  invest igat ion.  Their geometry and 
mater ia l s  of construct ion a r e  described i n  Table I. 
perimental  va r i ab le s  as the  flow rate ,  t h e  i n l e t  pressure, t he  i n l e t  vapor 
veloci ty ,  e t c .  a r e  l ikewise l i s t e d  i n  t h i s  t ab le .  S ta t ic -pressure  t a p s  
a t  i n t e r v a l s  of every 1 4  t o  18 in .  along t h e  tube length were provided 
each t e s t  sect ion.  These t aps  consisted of lengths  of s t a i n l e s s - s t e e l  
tubing, 0.085-in. inner  diameter, connected d i r e c t l y  t o  s t a i n l e s s - s t e e l  
mercury manometers. Tne low-pressure s ides  of t h e  manometers were made of 
t ransparent  p l a s t i c  tubing. One of  these manometers measured t h e  s t a t i c  
pressure at the  t e s t - sec t ion  i n l e t  r e l a t i v e  t o  atmospheric pressure. The 
remaining manometers were connected t o  a common manifold and were used t o  
measure r e l a t i v e  s t a t i c  pressures,  
The range of such ex- 
Each t e s t  sec t ion  was cooled by a crossflow of a i r  from two d iamet r ica l ly  
opposed plenums. 
t he  heat  f l u x  was e s s e n t i a l l y  constant over t he  f u l l  length of t h e  tube. 
maximum heat  f l u x  of about 40,000 Btu/(hr)  (sq f t )  was a t t a inab le .  
Because the  a i r  hea t - t ransfer  coe f f i c i en t  was control l ing,  
A 
The major f ea tu res  of  the  condensing process t h a t  occurred in s ide  t h e  
t e s t  sec t ions  were observed w i t h  an X-ray un i t  and fluorescope screen. 
T h i s  combination was mounted on a t rack and could t r ave r se  the  e n t i r e  t e s t -  
sec t ion  length.  It was a l s o  employed t o  check the  mercury l e v e l  i n  the  
manometer t a p s  a t  t he  junction t o  the  t e s t  sec t ion  and t o  de tec t  t he  pres- 
ence of l a rge  q i lan t i t i es  of noncondensible gases downstream of the  i n t e r -  
face.  
The mercury flow r a t e  was measured by timing the  co l l ec t ion  of a known 
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volume of condensate i n  a g l a s s  ves se l  loca ted  between the  t e s t  sec t ion  
and the  boi le r .  
t h e  r i g  during a flow measurement. 
Care was taken t o  preserve the  s teady-state  condi t ion Of 
Operation. P r io r  t o  s tar t -up,  the  l e v e l s  of mercury and molten Salt 
Previous ex- were carefu l ly  adjusted t o  insure  a steady bo i l ing  process. 
perience with the  r i g  had shown t h a t  t oo  low a s a l t  l e v e l  prevented t h e  
attainment of the  higher vapor flow r a t e s  because of i n s u f f i c i e n t  b o i l e r  
hea t - t ransfer  area.  
o s c i l l a t i o n s  a 
Too high a mercury l e v e l  o f t en  caused severe pressure 
A t  s tar t -up the  manometer l i n e s  were closed and t h e  r i g  was evacuated. 
The salt  bath hea ters  were then energized and the  flow of cooling a i r  w a s  
i n i t i a t e d .  Once a steady flow of mercury vapor was obtained, t he  manom- 
e t e r s  were opened. 
vacuum pump u n t i l  X-ray examination of t he  in t e r f ace  no longer  ind ica ted  
t h e i r  presence. Thereaf ter  t he  tube w a l l  temperature immediately upstream 
of the  in te r face  was used t o  monitor t he  presence of noncondensibles. When- 
ever  t h i s  temperature was wel l  below the  average condenser w a l l  temperature, 
it indicated the  co l l ec t ion  of these gases a t  t h i s  locat ion.  
Noncondensible gases were continuously removed by a 
Data were recorded a f t e r  a t t a i n i n g  a s teady-s ta te  condi t ion t h a t  was 
defined by the constancy, f o r  a per iod of a t  l e a s t  15 min, of t h e  manometer 
leve ls ,  the  boi ler ,  t he  salt  ba th  and w a l l  temperatures, and the  vapor- 
l i q u i d  in te r face  posi t ion.  
ANALYSIS OF EXPERIMENTAL DATA 
The pressure, flow ra t e ,  and condensing length  data obtained i n  t h i s  
invest igat ion a r e  presented i n  Ref. 8. 
7 
Figure 2 i l l u s t r a t e s  a t y p i c a l  s t a t i c  pressure p r o f i l e  along the  t e s t  
section. The r i s e  or recovery of the  s t a t i c  pressure toward the  o u t l e t  of 
t h e  t e s t  section, as shown i n  t h i s  f igure,  i s  c h a r a c t e r i s t i c  of condensing 
and i s  a t t r i b u t a b l e  t o  the  e f f e c t  of net momentum changes. These momentum 
changes have t o  be estimated i n  order  t o  obta in  t h e  two-phase f r i c t i o n a l  
pressure drops. A descr ip t ion  of t h e  method used t o  ca lcu la te  t he  momentum 
changes i s  now presented. 
The s t a t i c  pressure difference measwed between two t aps  of a hori-  
zontal ,  constant diameter tube i n  which condensing occurs i s  given by the  
expression 
dPs = aP TPF + umo (1) 
It can be shown t h a t  the  dPmo term can be expanded t o  give 
Equation ( 2 )  i nd ica t e s  t h a t  the  f r i c t i o n  component of t he  s t a t i c  pressure 
d i f fe rence  can be obtained only when the volume f r a c t i o n s  (o r  l o c a l  s l i p  
* 
r a t i o s ,  Uf/Uv ) a re  known. Presently the  only co r re l a t ion  of mercury 
* The s l i p  r a t i o  i s  r e l a t e d  t o  the volume f r a c t i o n  by 
It should be noted tha t  Rf does not include the  s ta t ionary  l i q u i d  drops 
a t  the  w a l l .  Experimental measurements of Rf m u s t  therefore  d i s t ingu i sh  
between the  moving and the  s ta t ionary  l i qu id .  
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volume f r ac t ions  ava i lab le  i s  t h a t  derived from adiaba t ic  nitrogen-mercury 
measurements as reported by Baroczy ( 9 ) .  T h i s  co r re l a t ion  i s  bel ieved in-  
appl icable  t o  the  case of mercury condensing f o r  reasons which are d i s -  
cussed i n  Ref. 1. 
densing mercury f o r  two l imi t ing  cases, those of a s l i p  r a t i o  of zero and 
one. Hays f u r t h e r  recommended a s l i p  of zero based on photographic ev i -  
dence and the agreement of h i s  data w i t h  t h e  Lockhart-Martinell i  correla-  
t i on .  However, as mentioned previously, deviat ions from t h i s  co r re l a t ion  
were noted, p a r t i c u l a r l y  a t  low heat  f luxes.  These deviat ions were at-  
t r i b u t e d  t o  the presence of fog-flow ( i . e o ,  s l i p  r a t i o s  of approximately 
one). 
Hays ( 4 )  reported f r i c t i o n a l  pressure grad ien ts  of con- 
Figure 3 presents  t h e  f r i c t i o n a l  pressure grad ien ts  obtained from the  
da ta  of Fig. 2, ca lcu la ted  on the  basis of s l i p  r a t i o s  of both zero and 
one. S igni f icant ly  d i f f e r e n t  grad ien ts  can c l e a r l y  be obtained depending 
on the  value of t he  s l i p  chosen. 
The authors assumed a value of the  s l i p  r a t i o  of one t o  obtain the  
f r i c t i o n a l  pressure grad ien ts  from t h e i r  experimental data.  
t i o n  was supported by the  following evidence: Observations of t he  con- 
densing process by means of t he  X-ray ind ica ted  tha t  t h e  predominant flow 
regime f o r  low-heat-flux mercury condensation appeared t o  be t ha t  of a 
dispers ion of f i n e  drops flowing w i t h  t he  vapor, t he  regime f requent ly  
ca l l ed  "fog-flow." The assumption of a s l i p  of one f o r  t h i s  regime i s  
considered reasonable. Furthermore, an ana lys i s  was performed t o  pred ic t  
t he  veloci ty  and pos i t ion  of mercury drops en t ra ined  and flowing i n  a vapor 
stream. The ve loc i ty  of 
This assump- 
Figure 4 shows a t y p i c a l  r e s u l t  of t h i s  ana lys i s .  
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drops en t ra ined  a t  pos i t ions  corresponding t o  t h e  i n l e t  and 0.2, 0.4, 0.6, 
and 0.8 of t h e  condensing length a re  p lo t t ed  along with t h e  vapor ve loc i ty  
d i s t r ibu t ion .  This graph ind ica t e s  t ha t  most drops a r e  r ap id ly  acce lera ted  
t o  very nearly the  l o c a l  gas velocity,  and t h a t  t he  drops then follow t h i s  
ve loc i ty  even though it diminishes because of condensation. Only drops 
en t ra ined  near t he  in te r face ,  such as a t  t h e  pos i t i on  corresponding t o  0.8 
of t h e  condensing length, do not possess a s l i p  r a t i o  approximating one. 
Even so, t h e  drops t h a t  were entrained upstream of t h i s  pos i t i on  and t h a t  
c o n s t i t u t e  t he  bulk of t h e  l i q u i d  phase i n  the  vapor a t  t h i s  pos i t i on  a l l  
possess s l i p  r a t i o s  very nearly equal t o  one. 
ana lys i s  a r e  given i n  Ref. 8. Finally,  t h e  assumption of a s l i p  of one 
was borne out by t h e  general  cor re la t ion  of t h e  f r ic t iona l -pressure-drop  
data with the  fog-flow ana lys i s  presented i n  Appendix B. A discussion of 
t h i s  co r re l a t ion  i s  presented i n  t he  sec t ion  FOG-FLOW CORRELATION OF NON- 
WETTING DATA of t h i s  repor t .  
Fur ther  d e t a i l s  of t h i s  
DISCUSSION OF RISJLTS 
Empirical Corre la t ion  of Nonwetting Data. A co r re l a t ion  of ad iaba t ic ,  
two-component, two-phase f r i c t i o n a l  pressure drops was proposed by Lockhart 
and Mar t ine l l i  ( 2 ) .  This f requent ly  c i t e d  co r re l a t ion  presented a r e l a t i o n  
between t h e  parameters @$ and X defined as follows: 
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Four flow regimes were a l s o  d is t inguished  i n  accordance with the  values 
of t h e  supe r f i c i a l  Reynolds numbers of t h e  phases. O f  these, only t h e  
viscous l i qu id  - viscous vapor regime was not encountered i n  the  mercury 
condensing experiment so 
Figure 5 presents  t h e  Lockhart-Martinelli curves and t h e  data of 
Se r i e s  F, t y p i c a l  of the  nonwetting condensing experiments. Examination 
of t h i s  graph shows t h a t  t h e  Lockhart-Martinelli co r re l a t ion  appears t o  
p red ic t  the data only a t  t he  high-quality region ( i . e . ,  low values of 
A t  low q u a l i t i e s  t h e  data devia te  considerably from t h e  correlation; 
furthermore, t he  data do not seem t o  segregate by flow regime i n  t h e  man- 
ner suggested by Lockhart-Martinelli,  
X). 
The modified version of the  Lockhart-Martinelli co r re l a t ion  by Baroczy 
and Sanders (3 )  was found likewise not t o  c o r r e l a t e  t he  mercury condensing 
data. I n  general, t h e  experimentally determined pressure drops were l a r g e r  
than t h e  predicted ones, and a c l e a r  vapor Reynolds number e f f e c t  could 
not be established. A similar conclusion was drawn by Hays (4). 
Fog-Flow Correlation of Nonwetting Data. Appendix A presents  i n  de- 
t a i l  a descr ip t ion  of t he  fog-flow regime be l ieved  t o  be predominant i n  
nonwetting mercury condensation. 
theory t h a t  i s  derived i n  Appendix B, A b r i e f  summary of bo th  the  flow 
model and the sna lys i s  i s  presented below as we l l  as a comparison of pre- 
d i c t ed  and experimentally determined pressure  drops. 
This desc r ip t ion  forms the  basis of t h e  
X-ray examination o f  t he  condenser t e s t  sec t ions  ind ica t ed  t h a t  f o r  
nonwetting condensin& drops a re  formed a t  t h e  hea t - t r ans fe r  surface and 
grow u n t i l  they a r e  displaced and en t r a ined  i n t o  t h e  vapor stream. The 
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mixture of entrained drops and vapor therefore  
formed by the  s ta t ionary,  wall-adhering drops. 
flows through 
The diameter 
a passage 
of t h i s  pas- 
sage Dm i s  l e s s  than the  tube diameter DT by twice the  thickness  of 
t he  drop layer .  Application of t he  Fanning equation for f r i c t i o n a l  pres- 
sure  drop due t o  a homogeneous or fog-flow dispers ion gave the following 
r e s u l t  i n  terms of the  Lockhart-Martinelli parameter 
and the  r a t i o  of the  diameters: 
O:, t h e  qual i ty ,  
2 3/4 - ovx - 
Likewise, by assuming t h e  drop l aye r  thickness t o  be equal t o  t he  diameter 
of drops a t  i nc ip i en t  entrainment, a r e l a t ion  was derived between the  
Weber number (based on the supe r f i c i a l  vapor ve loc i ty )  and the  r a t i o  of 
t h e  diameters as shown below. 
0. 371t 
Thus by se l ec t ing  values of t he  r a t i o  
QFI4 and the l o c a l  Weber number was obtained, This r e l a t i o n  i s  p lo t t ed  
DT/Dm, t he  r e l a t i o n  between 
as the  curves of Figs.  6 through 9. The experimental values of these  pa- 
rameters a r e  a l s o  p lo t t ed  on these graphs for confirmation of t he  fog-flow 
theory. A t y p i c a l  ca lcu la t ion  of the parametem QVx 3/4 and the  Weber 
number i s  i l l u s t r a t e d  i n  Ref. 8 f o r  the tapered t e s t  sect ion.  
Figures  6 through 9 compare t h e  pressure CWop da ta  of Se r i e s  A, D, E, 
and F, respect ively,  with the  fog-flow theory ( see  Table i). These graphs 
'The constant 0 .371 was determined by experiments wi th  s ing le  mercury 
drops on a f l a t  inc l ined  p l a t e  ( see  Appendix B ) .  
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show t h a t  a t  Weber numbers g rea t e r  than about 10, the  experimental values 
of Q$3/4 seem t o  equal one and a r e  independent of t h e  Weber number ( i . e . ,  
t h e  thickness of t h e  drop l aye r  i s  very near ly  negl ig ib le ) .  A t  lower values 
of t he  Weber number, Q$3/4 becomes s i g n i f i c a n t l y  g rea t e r  than one and de- 
pendent on t h e  Weber number. Although considerable s c a t t e r  i s  present,  t he  
fog-flow theory predicted t h i s  t r end  of t h e  data.  
t he  data f o r  the  Ser ies  E t e s t s  was a t t r i b u t e d  t o  the  l a r g e r  tube diameter 
and the  consequent d i f f i c u l t y  i n  measuring t h e  smaller f r i c t i o n a l  pressure 
drops o r  t o  a deviat ion from fog-flow due t o  the  lower vapor ve loc i t i e s .  
COMPARISON OF T'HFOFX W I T f I  NONKETTING DATA OF OTHER EXPERIMENTERS 
The p a r t i a l  and t o t a l  condensation of mercury vapor i n  
g l a s s  and metal tubes of r e l a t i v e l y  s m a l l  diameter and shor t  l ength  was 
s tudied by Hays (4). The range of va r i ab le s  of these  experiments i s  l i s t e d  
i n  Table 11. 
predict ion.  
flow model i s  afforded by these  data.  
The g rea t e r  s c a t t e r  of 
Data of Hays. 
Figure 10 presents  the da ta  and the  t h e o r e t i c a l  fog-flow 
The authors bel ieve t h a t  f u r t h e r  corroboration of t h e  fog- 
Data of Albers, e t  al. Local mercury condensing pressure drops were 
measured i n  a constant diameter and a tapered  tube by Albers, e t  a l .  (10, 
11). 
ments, t h e  l a t t e r  by f l y i n g  zero-gravity t r a j e c t o r i e s  i n  an a i rp lane .  
geometries and approximate range of va r i ab le s  are given i n  Table 111. 
ures  11 and 1 2  present t he  data of these  experiments as we l l  as t h e  pres- 
sure drops predicted by the  fog-flow theory.  Although the  constant diameter 
tube data of Fig. 11 seem t o  be s a t i s f a c t o r i l y  co r re l a t ed  by t h e  theory, 
t h e  tapered tube data a r e  sca t te red .  An explanat ion f o r  t h i s  s c a t t e r  has 
not been determined. 
The data were obtained i n  normal-gravity and zero-gravity environ- 
The 
Fig- 
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CORRELATION OF WETTING DATA 
Prolonged t e s t i n g  with the  constant diameter tube of Se r i e s  A caused 
the  mercury t o  wet t he  condensing surface. The data t h a t  were recorded 
during t h i s  condition were reported 
p lore  t h i s  phenomenon i n  g rea t e r  de ta i l ,  t he  Ser ies  G t e s t s  were performed 
with magnesium and t i tanium added t o  the mercury t o  induce wetting. Both 
the  Se r i e s  W and G experiments were character ized by elongated in te r faces ,  
as shown i n  Fig. 13, as opposed t o  the more o r  l e s s  v e r t i c a l  i n t e r f aces  
present  i n  t h e  nonwetting t e s t s .  
Figure 1 4  presents  t he  Ser ies  G data p l o t t e d  i n  accordance with the  
Lockhart-Martinell i  cor re la t ion .  
i n  Fig. 5 i l l u s t r a t e s  an unusual s imi l a r i t y  between the  wet t ing and non- 
wet t ing two-phase f r i c t i o n a l  pressure differences.  This s i m i l a r i t y  i s  
f u r t h e r  ind ica ted  by the  graphs of Figs. 15 and 1 6  i n  which t h e  Se r i e s  
W and G da ta  a re  cor re la ted  with t h e  fog-flow parameters. 
flow theory p red ic t s  the pressure-drop t r ends  f o r  t h e  wet t ing condensation 
i s  probably explained by one of the  following two p o s s i b i l i t i e s :  
of wet t ing induced by the  a d d i t i v i e s  may have been l imi t ed  and the  conden- 
sa t ion  may s t i l l  have been e s sen t i a l ly  dropwise, or,  on t h e  o ther  hand, 
wet t ing  may ac tua l ly  have been the  mode of condensation. If the  l a t t e r  
were t rue ,  t h e  r e s u l t s  of Figs. 15 and 1 6  would ind ica t e  t h a t  t he  fog 
regime w a s  s t i l l  present,  but  a l i qu id  fi lm r a t h e r  than a drop l aye r  covered 
the  inne r  surface of the  tube ( i .e . ,  sprag-annular flow regime). 
t h i s  film must have behaved very much l i k e  the  drop layer;  t h a t  is, t he  
th ickness  of t he  l a y e r  and i t s  surface roughness had t o  be comparable and 
as t h e  Se r i e s  W experiments. To ex- 
Comparison of t h i s  graph with t h a t  shown 
That t he  fog- 
The degree 
Moreover, 
1 4  
t h e  drops en t ra ined  from t h e  f i l m  had t o  be similar i n  number and s i z e  a t  
i n c i p i e n t  entrainment t o  t h e  nonwetting en t ra ined  drops. Koestel  and 
Smith (12) analyzed the  spray-annular flow regime and, by app l i ca t ion  of 
f i l m  s t a b i l i t y  considerations, i ikewise achieved co r re l a t ion  of t h e  Ser- 
i e s  G data. Thus f u r t h e r  experimental work and analyses a r e  requi red  t o  
determine which of these flow models, t h e  fog-flow regime w i t h  s t a t iona ry  
wall drops 04. the  spray-annular f i l m  regime, more accura te ly  descr ibes  t h e  
flow pa t t e rn  f o r  wetting mercury condensation. 
S-Y AND RECOIviME3DATIONS 
The experimental equipment used t o  measure l o c a l  s t a t i c  pressure drops 
The f r i c t i o n a l  pres- f o r  low-heat-flux mercury condensation was described. 
sure drops t h a t  were obtained were shown t o  be inadequately pred ic ted  by 
the  Lockhart-Martinelli cor re la t ion ,  p a r t i c u l a r l y  a t  low q u a l i t i e s .  A fog- 
flow theory was formulated, which was i n f e r r e d  from observations of t h e  
flow regime. 
s u p e r f i c i a l  vapor ve loc i ty )  and t h e  fog-flow parameter 0$x3I4. 
son of condensing mercury da ta  obtained by t h e  authors and o the r  experi-  
menters w i t h  t h i s  fog-flow r e l a t i o n  showed tha t  t h e  theory s a t i s f a c t o r i l y  
pred ic ted  the t r ends  of these  data over a wide range of t e s t  conditions.  
A r e l a t i o n  was obtained between the  Weber number (based on t h e  
Compari- 
The authors recommend tha t  fu tu re  s t u d i e s  of mercury condensation de- 
termine t h e  l i m i t s  of t h e  fog-flow theory s ince  t h e  app l i ca t ion  of t h e  
theory t o  condensation a t  higher heat f l u x e s  and t o  t h e  s i t u a t i o n  of wet t ing  
f l u i d s  i s  a s  y e t  uncertain. F ina l ly ,  f u t u r e  inves t iga t ions  should include 
a study of the flow regimes encountered and a c a r e f u l  determination of t h e  
l i q u i d  volume f rac t ions ,  both of which a re  e s s e n t i a l  t o  a complete under- 
standing of the physics of condensation. 
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APPENDIX A 
DESCRIPTION OF THE FLOW mGIME 
Fundamental t o  the pred ic t ion  of two-phase pressure drop or heat  
t r a n s f e r  i s  a knowledge of t he  ex i s t ing  flow regime. For t he  case of con- 
densation occurring ins ide  tubes, wet t ing f l u i d s  general ly  form a t h i n  
annular layer  a t  the  hea t - t ransfer  surface.  I n  a l l  l ike l ihood drops a re  
sometimes broken from t h i s  f i lm and a r e  en t ra ined  i n  the  vapor core. For 
mercury condensation, however, a continuous l i q u i d  f i l m  i s  d i f f i c u l t  t o  
obtain even when the  mercury wets i t s  container.  More t y p i c a l l y  a l a y e r  
of drops i s  formed a t  the tube w a l l .  The g r e a t e r  por t ion  of t he  condensate 
i s  then t ransported t o  the  tube e x i t  by t h e  entrainment of these  drops i n t o  
the vapor stream, A t  r e l a t i v e l y  high vapor v e l o c i t i e s  t h i s  two-phase flow 
has been observed and described as a "fog-flow" (13). Even a t  lower vapor 
flow r a t e s  the  "fog" regime i s  probably present  although g rav i ty  e f f ec t s ,  
such as large agglomerated drops, do appear,, A more d e t a i l e d  p ic ture  of 
the fog-flow regime of mercury condensation i s  of fe red  below f o r  t he  pur- 
pose of deriving a two-phase frictional-pressure-drop predict ion. '  
The authors pos tu la te  that t h e  drops en t ra ined  i n t o  the  vapor stream 
are  extremely s m a l l  (o f  t he  order of 0.001- t o  0,010-in0 diameter) and a r e  
rapidly accelerated t o  very near ly  the  l o c a l  vapor veloci ty .  
fu r the r  conceived t o  respond t.;, t he  twbulenf ,  f l uc tua t ions  of t he  vapor 
phase and are dispersed so t h a t  t he  e f f e c t s  of concentrat ion gradien ts  a r e  
negl ig ib le ,  
vapor stream; the  two-phase mixture i s  thus  assumed t o  behave as a s ingle-  
phase f l u i d .  
The drops a r e  
I n  e f f ec t ,  the  drops t r a v e l  w i t h  and become a p a r t  of t h e  
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This l iquid-vapor fog flows through t h e  passage formed by t h e  drops 
t h a t  a r e  a t tached  t o  the  tube w a l l .  The passage, however, i s  e s s e n t i a l l y  
hydraul ica l ly  smooth because of t h e  close packing of t he  drops on the 
w a l l .  (Experimental confirmation of the exis tence of such a charac te r i s -  
t i c  was presented i n  Ref. 1) It i s  f u r t h e r  assumed t h a t  increasing the  
packing of t h e  drops a t  the  wall by r a i s ing  the  heat  f lux would have 
l i t t l e  or no e f f e c t  on the  f r i c t i o n  fac tor .  The diameter of the  duct 
tinrough which t h e  fog-l ike mixture flows i s  DT - 2%, where S, i s  the  
e f f e c t i v e  thickness  of t he  drop l a y e r  a t  a p a r t i c u l a r  locat ion.  
I n  a previous study performed by Denington, e t  a l .  (14)  it w a s  shown 
t h a t  t he  diameter of mercury drops t h a t  were entrained i n t o  a flowing 
ni t rogen stream w a s  r e l a t e d  t o  the  ve loc i ty  of the  gas. It i s  suggested 
t h a t  such a r e l a t i o n  a l s o  e x i s t s  for mercury condensing: a drop grows 
t o  a p a r t i c u l a r  s i ze  ca l l ed  the  c r i t i c a l  drop diameter (def ined by the  
ve loc i ty  of t he  vapor) and i s  then entrained i n t o  the  vapor core. The 
e f f e c t i v e  thickness  of the  drop l aye r  on the  w a l l  a t  a p a r t i c u l a r  posi- 
t i o n  was the re fo re  taken as equal t o  the  c r i t i c a l  drop diameter a t  t h a t  
posi t ion.  Thus, the vapor ve loc i ty  (here, t he  ve loc i ty  of the  fog)  de- 
termines t h e  thickness  of the condensate l aye r  a t  the  w a l l  and is, i n  
turn,  dependent on t h i s  thickness by cont inui ty .  The predic t ion  of t he  
f r i c t i o n a l  pressure gradients  f o r  condensing mercury based on the  previous 
considerat ions i s  i n  Appendix B. 
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APPENDIX B 
DERIVATION O F  THE FOG-FLOW THEORY 
C r i t i c a l  Drop Size. Reference 1 4  presents  a d e t a i l e d  experimental 
and theo re t i ca l  ana lys i s  of the  entrainment of mercury drops. A br i e f  
review of t h i s  work as it appl ies  t o  mercury condensation i s  presented 
below, since t h e  mechanics of t h i s  process forms an important p a r t  of 
the  fog-flow model, 
A s  a drop forms and grows on a tube surface,  forces  a r e  produced 
t h a t  tend  e i t h e r  t o  make the  drop move o r  t o  oppose i t s  movement. 
forces  consist. of the  drag caused by the  flowing vapor, t he  g rav i ty  force,  
and the  i n t e r f a c i a l  force  between the  drop and the  w a l l  a r i s i n g  from t h e  
deformation of t he  drop by e i t h e r  of t he  two previous forces .  
u l a r  drop size, t h e  c r i t i c a l  drop diameter 
balanced and the  drop i s  displaced. Thus, a t  i nc ip i en t  movement, t he  f o l -  
lowing force balance must be applicable:  
These 
A t  a p a r t i c -  
€jcr, t hese  fo rces  a r e  no longer  
Drag Force k Gravity Force - I n t e r f a c i a l  Force = 0 
01" 
where 
Cd,6 drag coef f ic ien t  f o r  drop 
n r a t i o ,  gig, 
0 surface tension 
E, constant,, accounts for e f f e c t s  of drop deformation, contact  angle, 
and surface condition, <1 
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The coe f f i c i en t  of drag f o r  drops Cd,6 i s  a l s o  dependent on the  
deformation. I n  general, the  coef f ic ien ts  f o r  deformable bodies (bubbles, 
drops, e t c . )  a r e  g r e a t e r  than f o r  so l id  spheres and have values very 
near ly  equal t o  one (15). For simplicity,  t he  coe f f i c i en t s  may be assumed 
equal t o  one and the  value of E, can be made t o  accommodate the  deforma- 
t i o n  e f f e c t .  
f i e ld ,  t he  c r i t i c a l  drop s i ze  i s  r e l a t ed  t o  the  vapor ve loc i ty  as follows: 
Thus, i n  hor izonta l  tubes or i n  t he  absence of a g r a v i t a t i o n a l  
The term on the  l e f t  side of Eq. (B2) i s  the  Weber number f o r  t he  
drop. Through experiments conducted both i n  tubes and w i t h  i nc l ined  f la t  
p la tes ,  E, was found t o  have the  value of 0.0464, For a more de t a i l ed  
discussion of these  experiments and t h e i r  analysis ,  Ref. 14  should be 
consult  e d I 
Derivation of t he  Fog-Flow Model. If t h e  discussion of t he  previous 
I sec t ions  t.ruly descr ibes  the  flow regime f o r  mercury condensing in s ide  
tubes, then the  f r i c t i o n a l  component of t h e  s t a t i c  pressure drop may be 
w r i t t e n  as a s ingle  equation f o r  both phases as ffollows: 
*Equation (3723) of the  der ivat ion assumes a homogeneous flow or a fog- 
flow. 
t h e  pressure drops f o r  air-water and steam-water mixtures. 
h i s  pred ic t ions  w i t h  the  Martinelli-Nelson co r re l a t ion  ( 1 7  ) gave reasonable 
agreement. Inasmuch as the Martinelli-Nelson co r re l a t ion  was based on 
Lockhart-Martinelli,  it i s  therefore  l i k e l y  t h a t  the  l a t t e r  w i l l  co r r e l a t e  
An e n t i r e l y  similar expression was used by Owens (16)  i n  ca lcu la t ing  
Comparison of 
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. 
where 
fm 
D, 
f r i c t i o n  f a c t o r  f o r  fog mixture 
diameter of flow passage formed by drops on w a l l  through which fog 
flows 
The f r i c t i o n a l  pressure drop t h a t  would r e s u l t  i f  t h e  vapor por t ion  of t h e  
fog were t o  flow through t h e  bare pipe i s  
2 Qv, defined as t h e  r a t i o  of t h e  two The Lockhart-Martinelli modulus 
gradients,  i s  therefore  
The f r i c t i o n  f a c t o r  f o r  t u rbu len t  flow i n  smooth passages i s  given by 
t h e  pressure drops of a fog-flow tha t  completely f i l l s  i t s  passage, t h a t  
is, i n  which the re  i s  no annular l i q u i d  layer .  
e n t l y  approached i n  mercury condensation a t  Weber numbers g r e a t e r  than  
about 10, corresponding t o  values of X of less than  about 0.04. Fig- 
ure 5 shows that  t h e  Lockhart-Martinelli c o r r e l a t i o n  does indeed seem t o  
p red ic t  t h e  pressure drops of t h i s  flow regime f o r  t h e  S e r i e s  F data. 
Such a condition i s  appar- 
§These expressions assume tu rbu len t  flow. Reference 1 presents  over- 
a l l  mercury condensing pressure drops f o r  laminar flow conditions co r re l a t ed  
by the  fog-flow theory assuming f = 64/NRe0 
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and 
0.316 0,516 
0.25  - f, = - 
(NRe, v) 
.. 3
The v i s c o s i t i e s  and pv are  t ranspor t  p rope r t i e s  and are more de- 
pendent on t h e  volume f r a c t i o n  of t he  two phases than  on the  weight f r a c -  
t i on .  
one, it can be assumed that  
Since t h e  volume f r a c t i o n  of the flowing l iqu2d i s  much l e s s  than 
= P, (B8 1 
(A  s i m i l a r  assumption concerning the  v i s c o s i t i e s  w a s  made by Bankoff (18).) 
Therefore, 
The density r a t i o  may be considered t o  be weight f r a c t i o n  dependent.. Thus, 
= x  pv 
pm 
-
Combining Eqs. (B5) ,  (B9), and (B10) gives 
A r e l a t i o n  between I$/% and the  Weber number may be derived f o r  hor i -  
zonta l  flow or  zero gi-avity as follows: From Eq, (B2)  t h e  Weber number 
based on t h e  tube diameter may be obtained: 
9 These expressions assume tilrbulenk flow. Reference 1 presents over- 
a l l  mercury condensing pressure drops fo r  l d n a r  flow conditions co r re l a t ed  
by the fog-flow theory assuming f = 6 4 / h ~ ~ .  
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Note t h a t  the vapor densi ty  i s  employed r a t h e r  than the  mixture densi ty  
s ince only the  vapor conditions influence the  entrainment. 
From continuity,  
where 
t h e  l i q u i d  removed. Therefore, 
Uv represents  t he  ve loc i ty  of t he  vapor i n  a bare tube with a l l  
uv = urn 
Subst i tut ing Eq. (B14) i n t o  Eq. (B12)  y i e l d s  
When t h e  assumption tha t ,  a t  a p a r t i c u l a r  point  i n  the  tube, the  c r i t i c a l  
drop diameter corresponds ,to t he  e f f ec t ive  thickness  of t he  drop l a y e r  i s  
u t  i li ze d, 
7 3 ~  - 26,, = Dm (I3161 
o r  
Substi t luting Eq. (B17)  i n t o  Eq. (B15) y i e l d s  
IINote t h a t  f o r  condensing in s ide  inc l ined  tubes i n  a g rav i ty  f i e l d ,  
the  ana lys i s  would proceed from Eq. ( B l )  r a t h e r  than from Eq. (B2). 
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l 
or  
Thus from Eqs. (B11)  and (B19), a r e l a t ion  has been shown t o  e x i s t  between 
the  Lockhart-Martinelli modulus Ov and the  Weber number such t h a t  2 
By assuming values of t he  r a t i o  
b e r  and QVx 3/4 may be obtained. 
DT/Dm, t h e  r e l a t i o n  between the  Weber num- 
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Cd, 6 
E, 
D 
G 
L 
NRe 
R 
U 
W 
dP 
f 
Q 
gC 
n 
X 
s 
t. - t 
5 - v  
v - t  
0 
x 
6 
e 
P 
NOMENCL4TURE 
drag coefficient for mercury drops, dimensionless 
diameter, ft 
constant of Eq. (Bl), dimensionless 
mass velocity, lb/( hr) (sq ft) 
length, ft 
Reynolds number, dhensionless 
volume fraction, dimensionless 
average velocity, ft/sec 
mass flow rate, lb mass/sec 
increment af pres sure 
friction factor, dimensionless 
local gravitational acceleration, ft/sec 2 
conversion factor, 32.174 (lb mass)(ft)/(lb force)( sec2) 
ratio, g/g,, lb force/lb mass 
quality, dimensionless 
function of 
Lockhart-Martinelli turbulent-liquid - turbulent-gas flow regime 
Lockhart-Martinelli turbulent-liquid - viscous-gas flow regime 
Lockhayt-Martinelli viscous-liquid - turbulent-gas flow regime 
Lockhar t -Mart inelli parameter 
Lockhart -Martinelli parameter 
drop diameter, ft 
angle of inclination 
viscosity, ~b mass/( ft) ( sec) 
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P density, lb mass/cu f t  
0 surface tension, lb force / f t  
Subscripts: 
c r  c r i t i c a l  
D 
f l i q u i d  
m fog mixture 
mo momentum 
S s t a t i c  
T t o t a l  
TPF two-phase f r i c t i o n a l  
V vapor 
e f f e c t ive 
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TABU3 11. - RANGE OF VARIABiXS FOR MERCURY 
EXPERIMENTS PERFORMED BY HAYS (4 
Variable 
Tube length, in .  
Tube diameter, i n .  
Tube mater ia l  
Vapor i n l e t  temper- 
ature,  F 
Vapor i n l e t  q u a l i t y  
Vapor i n l e t  ve loc i ty ,  
f t / s e c  
Vapor i n l e t  Reynolds 
number 
Mass flow ra t e ,  
Ib/min 
Heat r e j e c t i o n  r a t e  
p e r  unit a rea  ~10-4, 
Btu / (h r ) ( sq  f t )  
Out l e t  qua l i t y  
Sect ion 1 
20.0 
0.072 
F'yrex 
718 - 740 
0.11 - 0.51 
40 - 280 
2300 - 16,200 
0.258 - 0.450 
7.40 - 11.0 
0.0 
CONDENSING 
Sect ion 2 
20.0 
0.150 
Pyrex 
712 - 722 
0.18 - 0.55 
18 - 91 
2000 - 10,200 
0.305 - 0.482 
1.30 - 3.80 
. 
0.0 
Sect ion  3 
16.25 
0.157 
316 S s  
675 - 685 
0.57 - 1.0 
18 - 195 
1700 - 18,400 
0.076 - 0.472 
0.17 - 2.80 
0.05 - 1.0 
. 
b 31 
TABLE 111. - RANGE OF VARIABLFS FOR MERCURY CONDENSING 
EXPERIMENTS PERFORMED BY ALBERS, ET AL. (10 AND 11) 
~~ 
Variable 
Condensing length,  in.  
Tube diameter, in .  
Tube ma te r i a l  
Vapor i n l e t  pressure,  p s i a  
Vapor i n l e t  q u a l i t y  
Vapor i n l e t  ve Lo c i ty ,  
f t / s e c  
Vapor i n l e t  Reynold- b nun- 
b e r  
Mass flow ra t e ,  lb/min 
Heat r e j e c t i o n  r a t e  per ,uni t  
area, Btu/( h r )  ( s q  f t )  
Out l e t  qua l i t y  
Remarks 
S t r a igh t  tube 
45 - 66 
0.310 
ss-304 
1 6  - 21 
0.95 - 1.0 
180 - 280 
30,000 - 50,000 
1.68 - 2.70 
3,000 - 65,000 
0.0 
Nonwetting 
Tapered tube 
~ ~~ ~ 
45 - 66 
0.40 - 0.15 
SS-321 
14 - 2 1  
0,95 - 1.0 
100 - 180 
20,000 - 40,000 
1.80 - 3.00 
32,000 - 62,000 
0.0 
Nonwetting 
salt bath 8. Condensate flow meter 
9. Reservoir pot 
10. Return line 
11. Typical test-section 
pressure taps and 
manometers 6. Manometer manifold 
7. interface control valve 12. insulation 
Fig. 1. - Schematic of mercury condensing test rig. 
\ Interface location 
60 80 100 120 
in m n h n c n r  in 
9 
Fig. 2. - Typical static pressure profile. Run A-44. 
0 20 40 60 80 100 
Length along condenser, in. 
Fig. 3. - Calculated values of two-phase frictional pressure 
gradients as function of condenser length for slip ratios 
of zero and one. Run A-44. 
\/ ,-Local v por
velocity 
Fraction of condenser length 
Fig. 4. - Computed local vapor velocity and velocity of mercury 
drops entrained at various positions along condenser length. 
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Fig. 5. - Comparison of nonwetting data of Series F with Lockhart- 
Martinelli correlation. 
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Fig. 6. - Comparison of Series A data with fq-flow prediction. 
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Fig. 7. - Comparison of Series D data with fog-flow prediction. 
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Fig. 8. - Cornparison of Series E data with fog-flow prediction. 
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fig. 9. - Compariron of Series F data with fog-flow prediction, 
0 Test section 1 
0 Test section 2 
0 Test section 3 
test conditions of test sections 
/Theoretical (Eqs. (B11) and (B191) 
See table I1 for geometries and 
fig. 10. - Comparison of data of Hays (4) with fog-flow prediction. 
-Theoretical (Eqs. ( B l l l  and (Bl9)) 
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0 See table I11 for geometry 
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Fig. 11. - Comparison of mercury condensing data of Albers, et al. (10) with fog-flow theory for constant 
diameter tube. 
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Fig 13. - Schematics of fluoroscopic observations during condensation of mercury i n  horizontal 316 
stainless-steel tube. 
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Fig. 14. - Comparison of wetting data of Series G with Lockhart-Martinelli 
correlation. 
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Fig. 16. - Comparison of Series G data with fq-f low predidion. 
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